Since lysosomes are prone to osmotic lysis, we have examined the correlation between their physical state and sensitivity to osmotic challenge, using agents which modify membrane fluidity. The latency loss of -hexosaminidase after an incubation in hypotonic sucrose medium was followed under different conditions of membrane fluidity, recorded by steady-state fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene. Increasing fluidity of the lysosomal membranes with benzyl alcohol (BA) and greater rigidity caused by cholesteryl hemisuccinate (CHS) increased and decreased the enzyme latency loss, respectively. The effects of BA and CHS treatments on osmotic sensitivity were reversible subsequently by reciprocal treatments of the lysosomes with CHS and BA, respectively. The results indicate that the physical state of the membrane does indeed affect lysosomal osmotic stability.
INTRODUCTION
The lysosome acts as an intracellular 'osmometer', being susceptible to osmotic destabilization (Lloyd and Forster, 1986) . In the past, a number of studies have focused on lysosomal osmotic stability, such as the K + entry-induced osmotic stress and the osmotic protection to lysosomes by their H + -ATPase-mediated proton translocation (Ruth and Weglicki, 1983; Yao and Zhang, 1996, 1997; Zhang and Yao, 1997) . While the results indicate that lysosomal integrity is very sensitive to osmotic changes, little information is available on how lysosomal membrane fluidity per se affect this property.
Membrane lipid fluidity can be modulated by a wide range of physiological variables, such as fatty acid composition (Kuo et al., 1990) , aging (Miyamoto et al., 1990) , alcohols (Edelfors and Ravn-Jonsen, 1990 ), phosphatidylethanol (Omodeo-Sale et al., 1991) , sterols (Schuler et al., 1990) , insecticides (Antunes-Madeira et al., 1989) , diacylglycerols (Ortiz et al., 1988) , drug-induced cytochrome P-450 activity (Kawato et al., 1991) and ether lipids (Kaufman et al., 1990) . Many different physiological and biochemical properties of membranes, such as permeability and membrane-bound enzyme activity, can be regulated by the changes in fluidity (Shinitzky, 1984) . Since the mutual regulations between membrane lipid fluidity and cellular activities play an important role in cell life, clarifying the influence of the various factors which impinge on membrane fluidity to affect the latter continues to be an active area of investigation.
Lysosomal membrane fluidity changes under various conditions such as the onset of apoptosis, following episodes of lipid peroxidation, or the accumulation of polyanions in lysosomes (Zhang et al., 2000) . It was of interest to establish whether the membrane fluidity of lysosomes has major effects on the osmo-sensitivity of these organelles. Here we have changed lysosomal membrane fluidity with benzyl alcohol (BA) and cholesteryl hemisuccinate (CHS; see Zhang et al., 2000; Zhong et al., 2000) , and examined the effects on osmotic sensitivity.
MATERIALS AND METHODS

Chemicals
DPH, CHS and 4-methylumbelliferyl N-acetyl--D-glucosaminide were from Sigma (St Louis, MO, U.S.A.). The other chemicals used were of analytical grade from local sources.
Preparation of lysosomes
Rat liver lysosomes were isolated as previously described (Zhang and Yao, 1997) . The prepared lysosomes were suspended in 0.25  sucrose medium at 23.6 mg protein/ml and stored at 2-4 C.
Modulation of lysosomal membrane fluidity
Lysosomal membrane fluidity was modulated as recently described (Zhang et al., 2000; Zhong et al., 2000) . To increase fluidity, lysosomes were treated with 20 m BA at 37 C for the indicated time.
To decrease the fluidity of BA-treated lysosomal membranes, the lysosomes were subsequently treated with 0.5 m CHS for the given times. To decrease membrane fluidity, lysosomes were incubated with 0.5 m CHS at 37 C for the indicated times. To recover the fluidity of CHS-treated lysosomal membranes, the lysosomes were subsequently treated with 20 m BA for indicated time. Control samples in these two cases were incubated at 37 C for the same time in the absence of BA or CHS.
Steady-state fluorescence anisotropy measurement
Lysosomal membrane fluidity was measured as described recently (Zhang et al., 2000; Zhong et al., 2000) . Briefly, the lysosomes (0.59 mg protein/ml) were incubated in DPH (4 ) labelling solution at 37 C for 90 min. Fluorescence of DPH was measured on a Hitachi 850 fluorescence spectrophotometer with excitation and emission at 350 and 452 nm, respectively. Steady-state fluorescence anisotropy (r) was calculated according to the equation:
where IVV and IVH are the fluorescence intensities measured with the excitation polarizer in the vertical position and the analyzing emission polarizer mounted vertically and horizontally, respectively. G=IHV/IHH is the correction factor. Correction for light scattering was carried out as described by Litman (Stubbs et al., 1976; Litman and Barenholz, 1982) and Lentz (Lentz et al., 1979) . As pointed by Van Blitterswijk et al. (1981) , high degrees of fluorescence anisotropy indicate higher degrees of membrane order or lower degrees of membrane fluidity, and vice versa.
Assay of lysosomal osmotic sensitivity
The osmotic sensitivity of lysosome preparations was assessed by examining integrity after an incubation in hypotonic sucrose medium by the method of Zhang and Yao (1997) . Briefly, lysosomal sample (56 l for BA-treated lysosomes and control, 62 l for CHS-treated lysosomes and control) was incubated in 0.5 ml 0.1  sucrose medium (1.93 mg protein/ ml) at 2 C for 10 min, then a 50 l portion of this lysosomal suspension was used for the assay of lysosomal integrity.
Assay of lysosomal integrity
Lysosomal integrity was assessed as described previously by measuring the activity of lysosomal -hexosaminidase using 2 m 4-methylumbelliferyl N-acetyl--D-glucosaminide as substrate (Yao and Zhang, 1997; Zhang and Yao, 1997) . The liberated 4-methylumbelliferone was determined by measuring the fluorescence (excitation: 365 nm, emission: 444 nm) with a Hitachi 850 fluorescence spectrophotometer.
Activities of the enzyme measured in the absence and presence of Triton X-100 are designated the free activity and the total activity, respectively. Percentage free activity was calculated as (free activity/total activity) 100. Lysosomal enzyme latency can be defined as [1 (free activity/total activity)] 100. Loss of lysosomal integrity was determined as loss of lysosomal enzyme latency or increased percentage free activity. The enzyme latency of freshly prepared lysosomes is about 9%, which can be maintained for at least 3 h at 2-4 C.
RESULTS
Modulation of lysosomal membrane fluidity
Lysosomal membrane fluidity was modulated by the treatments with membrane fluidizer BA and rigidifier CHS. As shown in Figure 1 , the degree of fluorescence anisotropy (r) decreased and increased after the lysosomes were treated with BA and CHS, respectively. Increasing the treating time of both BA and CHS produced larger changes in the fluorescence anisotropy (r). It indicates that the membrane fluidity was increased and decreased by the treatments with BA and CHS, respectively. The fluorescence anisotropy (r) of the BA-treated lysosomes increased after the lysosomes were subsequently treated with CHS for 20 min ( Table 1) , showing that the BA-induced membrane fluidization was partly reversed by the treatment with CHS. As demonstrated by the results, rigidification of the CHS-treaded lysosomal membranes could also be reversed by the subsequent treatment with BA.
Effects of lysosomal membrane fluidity on the osmotic sensitivity
Lysosomal membranes are generally impermeable to sucrose (Reeves, 1984) . The degree of enzyme latency loss in hypotonic sucrose medium can reflect the lysosomal osmotic sensitivity. As shown in Figure 2A , free -hexosaminidase activity was increased with prolonged BA treatment. Since the lysosomes treated with BA or CHS could maintain their latency in isotonic sucrose for more than 20 min (data not shown), the lysosomes were impermeable to sucrose, BA and CHS. Therefore the latency loss of the treated lysosomes in hypotonic sucrose medium was not caused by the entry of the solutes. Based on the data in Figure 1A , the results suggest that increasing the fluidity of lysosomal membranes increases their osmotic sensitivity. This conclusion was supported by the evidence presented in Table 2 . The increase in free enzyme activity of BA-treated lysosomes could be sharply reversed by the subsequent application of CHS, thereby confirming the finding. In contrast, decreased membrane fluidity, induced by the treatment with CHS, stabilized the lysosomes to osmotic challenge. As shown in Figure 2B , free enzyme activity decreased with increasing CHStreating time, which shows that the lysosomes treated with CHS were less sensitive to the hypotonic stress. Moreover, the CHS effect was reversed by the subsequent application of BA (Table 2) . These results further suggest that making the lysosomal membrane stiffer decreases osmotic sensitivity.
DISCUSSION
We have previously shown that lysosomal osmotic sensitivity can be assessed by measuring the enzyme latency loss in hypotonic sucrose medium (Zhang and Yao, 1997) . The prerequisite of this assessment is lysosomal impermeability to sucrose. In order to clarify whether treatments of lysosomes with BA and CHS changed their impermeability toward sucrose (and also whether BA and CHS treatments Treatments of lysosomes with BA and CHS were as described in Table 1 . After the treatments, the lysosomes were suspended in 0.1  sucrose medium (1.93 mg protein/ml) at 2 C for 10 min. Then, -hexosaminidase free activity was assessed. All procedures were detailed in Materials and Methods. Values are means SD, n=4. Statistical analysis was performed using Student's t-test. Note: b vs a, c vs b, e vs d, f vs e. affected lysosomal integrity), latency of treated lysosomes was examined after 20 min incubation in isotonic sucrose. Since the lysosomal latency was maintained throughout the whole period of incubation (data not shown), we conclude that impermeability of lysosomes to sucrose was not affected by the treatments and that the lysosomes were relatively impermeable to BA and CHS. Therefore, changes in the latency of the BA or CHS-treated lysosomes in 0.1  sucrose medium were not, in fact, attributable to a solute entry-induced osmotic stress but to an increased osmotic sensitivity mediated by membrane changes. The effects of membrane fluidity on the lysosomal osmotic sensitivity was confirmed by the observations that changes in the osmotic sensitivity of the BA-and CHS-treated lysosomes could be reversed in either direction by the subsequent treatment with the opposite agent. This 'criss-cross' experiment convincingly demonstrates that very sensitive regulation at the membrane level must occur, which is reflected by alteration in water permeability. This is consistent with previous findings that increases and decreases in the membrane fluidity can cause increases and decreases in their water permeability, respectively (Carruthers and Melchior, 1983; Worman and Field, 1985; Worman et al., 1986) .
Lysosomes incubated at 37 C in isotonic sucrose medium gradually lose latency by their enzyme action (Ruth and Weglicki, 1978) . Since the lysosomal samples of Figure 2 were incubated at 37 C and the incubation time of Figure 2B was more than that of Figure 2A , free enzyme activity of the untreated lysosomes of the former is higher than that of the latter.
Lysosomal permeability to various molecules and ions can also be assessed using the osmotic protection method (Lloyd and Forster, 1986; Forster and Lloyd, 1988) . As explained by Lloyd, a permeant solute affords stabilization initially but since it penetrates into the lysosomes, a progressive osmotic imbalance develops, resulting in an influx of water and a bursting of the lysosomes. The extent of lysosomal disintegration in the suspension reflects their permeability to the solute. Actually, the loss of lysosomal latency correlates with their permeability toward both solute and water. To assess the permeability of lysosomes to a solute, their water permeability must be maintained. Thus, changes in the lysosomal latency depend only on the variations in their permeability to the assessed solute. Since membrane fluidity can affect lysosomal water permeability, the physical state of lysosomal membranes has to be considered in the osmotic protection measurement to avoid inaccurate estimation of their permeability to the assessed solute.
In this study, we established that the greater and lesser membrane fluidity of lysosomes can increase and decrease their osmotic sensitivity, respectively. Since membrane fluidity can be modulated by a wide range of physiological variables and the lysosomal membrane fluidity is liable to change under various conditions (Zhang et al., 2000) , the influence of membrane fluidity on the lysosomal osmotic sensitivity probably has a biological significance. How physiological variables affecting membrane fluidity influence lysosomal osmotic stability remains for further study.
